Introduction
Many patients on antiretroviral therapy experience episodes of low-level viraemia (LLV), commonly defined as viral loads between 50 and 1000 HIV-RNA copies/ml [1] . As many treatment guidelines define virologic success as maintaining viral loads below the limits of assay detection [2] [3] [4] [5] , LLV can be a concern for both physicians and patients.
Resistance testing has been shown to be an effective predictor of future virologic failure in a number of studies [6] [7] [8] [9] . However, most commercial resistance assays can only be performed on samples with viral loads above a minimum of 500-2000 copies/ml [10, 11] . Despite this, in-house resistance assays can be performed on samples with low-level viraemia below 1000 copies/ml [12] [13] [14] , and the success rate of such testing has increased over time in some settings [15] . Indeed, several studies have found that LLV is associated with subsequent virologic failure, immune activation, inadequate CD4 þ cell count recovery and development of drug resistance [16] [17] [18] [19] [20] [21] , and that resistance can be detected at LLV [22] [23] [24] . However, there is limited evidence that risk of virologic failure after LLV can be further elevated by the presence of resistance. Intriguingly, however, recent studies [25] [26] [27] on a modest number of individuals indicated that LLV resistance may be associated with virologic failure.
In British Columbia, Canada, resistance testing on LLV samples has been performed since approximately 2000. Beginning in 2004, the results of resistance testing on LLV samples were made available to the ordering physician prospectively. We undertook the present analysis to evaluate the impact of emergent HIV drug resistance at LLV on the risk of subsequent virologic failure.
Materials and methods
Resistance testing methods Samples with viral loads below 1000 copies/ml underwent standard population-based sequencing using methodology identical to that performed on higher viral load samples. However, these methods evolved over the years with successive generations of various laboratory technologies. For instance, viral load values were obtained using the Roche COBAS Amplicor HIV-1 Monitor Test v1.5 until 2009 and the Roche COBAS TaqMan HIV-1 v1.0 assay after 2009. HIV RNA was extracted from 500 ml of plasma using either manual or automated methodologies depending on the testing year. The protease and reverse transcriptase regions were amplified using nested reverse transcriptase-PCR, with a product spanning from the beginning of protease to codon 400 of reverse transcriptase. Bidirectional sequencing was performed using one of several Applied Biosystems, Inc. sequencers (3100, 3130, 3700, 3730), followed by sequence analysis using Sequencher (Genecodes) or RECall [28] . Samples that failed this process were reextracted and reamplified with primers spanning a smaller region of pol (to codon 250 of reverse transcriptase), with the proportion of such cases increasing as viral loads decreased [27] . In total, there were 4915 LLV samples tested for drug resistance from a total of 2492 patients.
Patient selection
Of these 2492 patients, we selected the 2176 patients (87%) who experienced their first documented LLV episode while on antiretroviral therapy. Low-level viraemia was defined as an HIV RNA result less than 1000 copies/ml, consistent with the U.S. Department of Health and Human Services definition [29] . This definition includes patients experiencing 'blips' [18, 19, 30] as well as patients with higher and less-transient episodes of elevated viraemia below 1000 copies/ml. Resistance testing was successful in 1965 of these patients (90%) and unsuccessful in 211 (10%), consistent with the approximate 90% success rate of our resistance assay at LLV [24] .
To determine the extent of resistance at LLV, the sequences obtained from these patients were interpreted separately using the Stanford HIV Drug Resistance Database [31] or Virco/Janssen VirtualPhenotype [32, 33] . For each patient, at the time of first LLV, a score was generated on the basis of the number of active drugs in their antiretroviral regimen. We estimated the scores, called genotypic susceptibility scores (GSS), using the Stanford HIV Drug Resistance Database [31] , and separately, we estimated virtual phenotypic susceptibility scores (vPSS) using the Virco/Janssen Virtual-Phenotype [32] [33] [34] . The GSS and vPSS were used to stratify patients into four categories on the basis of the residual antiviral activity of the antiretroviral regimen at the time of LLV. For each drug, a GSS or vPSS value of 1 was assigned if resistance interpretation identified no resistance to low-level resistance. A GSS or vPSS of 0.5 was assigned to drugs with intermediate resistance, and a value of 0 was assigned to drugs with high-level resistance. The GSS or vPSS values for all drugs in a regimen were then totalled, and patients were grouped corresponding to the number of active drugs prescribed: <1; 1-1.5; 2-2.5; and 3. Thus, a value of at least 3 or more indicates a fully active regimen, and a value of less than 3 indicates increasingly higher drug resistance and secondarily increasingly less residual antiviral potency of the antiretroviral regimen. For simplicity, the GSS is reported for all analyses, unless otherwise indicated. The results of these analyses remain virtually unchanged when the GSS was replaced with the vPSS.
Patient follow-up and statistical analyses
Ethical approval for this study was granted by the University of British Columbia-Providence Healthcare Research Ethics Board. Study observation comprised the period between August 1996 and May 2013. Patients were evaluated for their long-term risk of subsequent virologic failure of at least 1000 copies/ml following their LLV episode. A sensitivity analysis was also performed using a more stringent failure definition of at least 5000 copies/ml. Patient adherence to therapy was estimated from the percentage of prescription refills obtained over the 12 months following their LLV episode regardless of whether they changed therapies. Patients with fewer than 6 months of follow-up after LLV (N ¼ 23) were not given an estimation of their adherence level.
Risk was determined through Kaplan-Meier analyses of time to virologic failure and through Cox proportional hazards models. For clarity, Kaplan-Meier curves are displayed up to 5 years, though longer term follow-up was obtained for some patients and was included in the Cox models. Patients who did not experience virologic failure were classified by whether they maintained LLV, changed therapy, had subsequent virologic suppression or were lost to follow-up, and were censored at that point. Statistical tests for the dependence between categorical variables and categorical outcomes were performed using Fisher's exact test or the chi-squared test. The Kruskall-Wallis test was used to compare viral loads across GSS groups. The log-rank test was used to compare survival curves.
Following univariate analyses, two multivariate Cox proportional hazards models were built (one for GSS and another for vPSS) in order to estimate the effects of a number of variables and their influence on risk of virologic failure. In addition to GSS, the variables included were viral load at LLV, year at LLV, regimen type at LLV, presence of nucleotide mixtures in the sequence, whether testing was retrospective, patient sex, patient treatment experience, and patient adherence. Patients with missing data for these variables were excluded, leaving 1904 of 1965 (97%) observations used to fit the model. For vPSS, 1890 patients were included in the model (96%). The exact method was used to handle ties in the failure times. Regression coefficients were estimated by maximizing the partial likelihood.
Stepwise selection with a P value equal to 0.05 significance level for entry and removal was used to choose the best model. Both forward selection and backward elimination yielded the same final model.
Martingale residuals were used to assess the assumption of proportional hazards for these variables using a supremum test of 1000 simulated residual patterns and the observed values of the covariates. If certain variables violated this assumption, new models were made with stratification by these variables.
Results

Characteristics at baseline and at low-level viraemia
The median pretherapy plasma viral load of these patients (where available; N ¼ 1301) was 4.8 log 10 copies/ml (interquartile range, IQR: 4.3-5.0 log 10 copies/ml). Patients were on treatment a median of 4.0 years (IQR: 1.0-7.9 years) prior to their first low-level viraemia episode and were permitted to change therapies over this period. At LLV, the median plasma viral load was 481 copies/ml (IQR: 331-696 copies/ml). At the time of their first low-level viraemia episode, patients in the study were on a variety of antiretroviral regimens, with 69% having changed regimens from their initial therapies (N ¼ 1365). Characteristics prior to therapy (baseline) and at LVV are listed in Table 1 .
HIV drug resistance was detected in 30% of patients during their first episode of low-level viraemia. Resistance to the nucleoside reverse transcriptase inhibitor (NRTI) drug class was most common at 28% (N ¼ 541), followed by the nonnucleoside reverse transcriptase inhibitors (NNRTIs) at 16% (N ¼ 305) and the protease inhibitors at 7% (N ¼ 146). Multiclass resistance at LLV ranged from 3% for resistance to both protease inhibitors and NNRTIs to 8% for resistance to both NNRTIs and NRTIs. Patient characteristics were observed at two different time points, and they are recorded in two columns in Table 1 The column titled Baseline characteristics represents observations for patients prior to beginning antiretroviral therapy (where available), and the column titled Characteristics at low-level viraemia represents the corresponding characteristics at LLV if they have changed. At baseline, resistance is defined as having drug resistance-associated mutations for any class of medications as observed prior to initiating antiretroviral therapy. At LLV, resistance is defined as having a GSS <3. Some baseline characteristic data were not available for all patients. A total of 23 patients did not have sexual information available, and 664 patients did not have a documented pretherapy (baseline) viral load. Neither the sex nor treatment era of therapy initiation changed between baseline and LLV.
Of the patients in this study, those on boosted protease inhibitor-based regimens were significantly less likely to have resistance at LLV (GSS <3) compared with all other regimens, with 15% (79/531) having resistance (P < 0.0001). The other regimens were all associated with higher rates of resistance at LLV: 28% (134/472) for the unboosted protease inhibitors, 26% (101/391) for the NNRTIs and 30% (127/418) for other regimens of at least three agents. Of the patients prescribed fewer than three antiretrovirals, 71% (110/153) had a GSS less than 2.
Although the overall median viral load at LLV was 481 copies/ml, the different GSS groups had slightly different median viral loads. Samples with GSS of at least 3 had significantly lower median viral loads at LLV (456 copies/mL) than samples with GSS 2-2.5 (514 copies/ml), 1-1.5 (580 copies/ml) or less than 1 (574 copies/ml) (P < 0.01). Patients on regimens with less than three antiretrovirals had the highest viral loads at LLV (median 635 copies/ml), significantly higher (P < 0.001) than those on other regimens, whose median viral loads ranged from 436 to 494 copies/ml. There was no significant difference in viral load between samples that did or did not generate successful genotyping results: median 481 copies/ml (IQR: 331-696) versus 459 copies/ml (IQR: 318-676), respectively (P ¼ 0.4).
Excluded participants
Of the 1965 patients, 263 either changed therapy (N ¼ 238) or were lost to follow-up (N ¼ 25) before they were observed again following LLV, and were thus excluded from our Kaplan-Meier analyses at study baseline. The median plasma viral loads of these excluded patients did not differ significantly from those patients with additional observations (median 510 versus 480 copies/ml, P ¼ 0.07). The excluded patients did, however, have significantly more results with GSS less than 3 (i.e. resistant), with 46% having a GSS less than 3 (120/263) at LLV compared with 28% of those who had follow-up observations available (474/1702, P < 0.0001). The groups were not significantly different in terms of their regimen makeup, with two exceptions: where the excluded patients had approximately 10% fewer patients on boosted protease inhibitor-based regimens and approximately 10% more patients on 'other' regimens compared with the included patients. The excluded patients also had 8% more men than the included participants.
Resistance at low-level viremia and subsequent virologic failure Included patients (N ¼ 1702) were then followed longitudinally following their LLV episode, with a mean of 1.2 years of follow-up, and a median of 7 months (IQR: 3 months-1.5 years). They were assessed for their risk of subsequent virologic failure above 1000 copies/ml while remaining on the same antiretroviral regimen.
Patients were followed as long as they continued on the same antiretroviral regimen until reaching one of five prespecified endpoints: virologic failure, virologic suppression, sustained low-level viraemia, changing therapy or loss to follow-up.
Overall, 50% of patients experienced virologic failure during study follow-up (855/1702 patients). Patients with resistance at LLV had a significantly higher risk of virologic failure than those who did not ( Fig. 1 ). Results were similar by vPSS rather than by GSS ( Supplementary Figure 1 , http://links.lww.com/QAD/ A472). The hazard ratio for risk of virologic failure increased as the extent of resistance increased. Relative to a GSS of at least 3, the hazard ratios were 1.4 [95% confidence interval (CI) 1.2-1.7] for patients with GSS 2-2.5. This increased to 2.0 (1.7-2.5) for patients with GSS 1-1.5, and 3.0 (2.2-4.0) for patients with GSS less than 1. Similarly, the proportion of patients who went on to achieve virologic suppression on the same therapy following their LLV episode fell as resistance level increased, as did the proportion who maintained LLV without virologic failure ( Table 2) .
As a sensitivity analysis, we used a more conservative definition, with virologic failure defined as having a viral load of at least 5000 instead of at least 1000 copies/ml. The results were broadly similar for both definitions of virologic failure. Slightly fewer patients experienced virologic failure under this more stringent definition of 5000 copies, at 42% of patients (N ¼ 714), compared with 50% under the 1000 copies definition (N ¼ 855). Hazard ratios in this sensitivity analysis were similar but smaller than the original analysis. For patients with GSS 2-2.5 at LLV, the hazard ratio was 1.3 (P ¼ 0.007). For those with 1-1.5, the hazard ratio was 1.7 (P < 0.0001), and those with GSS less than 1 had a hazard ratio of 2.1 (P < 0.0001). Kaplan-Meier plots appeared largely similar for either definition of virologic failure.
Low-level viraemia resistance predicts subsequent response regardless of patient subgroup
In additional sensitivity analyses, we tested whether resistance testing results were robust to various patient or sample characteristics ( Figs. 2 and 3 ). For these subanalyses, a patient was considered to have resistance if their GSS was less than 3 and was considered not to have resistance if their GSS was at least 3. Resistance testing was considered to be predictive of subsequent response if the 'resistant' and 'not resistant' groups were significantly different by a log-rank test on their Kaplan-Meier survival curves. Resistance was predictive of response for all patients regardless of the regimen they were taking at LLV ( Fig. 2a-d) , with P-values less than 0.01 for patients on NNRTI-based regimens, protease inhibitor-based regimens and other antiretroviral regimens (comprising less than three or at least three drugs). Boosted protease inhibitor-based regimens were borderline-significant (P < 0.05), but when ritonavir was included in the GSS scoring, the statistical significance increased (P < 0.001).
Resistance testing was also robust to the level of LLV ( Fig. 2e and f) , even in patients with extremely low viral loads below 250 copies/ml (P ¼ 0.02). Patients with higher viral loads during LLV (250-1000 copies/ml) also had significantly different responses depending on whether resistance was detected during LLV (P < 0.001).
Patients with successively higher viral loads had worse outcomes than those with lower viral loads, but resistance profile at LLV remained a significant predictor of virologic failure ( Supplementary Figure 2 , http://links. lww.com/QAD/A473).
There were also 859 patients whose sequences obtained at LLV did not contain any nucleotide mixtures, a potential marker that only a few viral copies were amplified and a Lower genotypic susceptibility scores (GSS) indicate more-compromised regimen activity (i.e. higher levels of resistance). Patients are grouped by their GSS values at low-level viraemia (LLV), ordered by decreasing extent of resistance (i.e. increasing GSS). A group of patients with failed resistance assays at LLV are also included. Statistical significance of differences amongst the GSS groups was tested using the Chi-square test. As resistance decreased (GSS increased), rates of virologic failure decreased, rates of virologic suppression increased, rates of maintaining LLV increased and rates of changing therapy decreased. There was not a significant difference in the proportions of patients who were lost to follow-up amongst the groups. Patients whose resistance assays failed at LLV tended to have the most favourable responses. All proportions are excluding patients who were excluded at baseline due to changing therapy or loss to follow-up.
possible source of bias. However, LLV resistance was also predictive of failure even in these patients with no nucleotide mixtures, similar to those in whom nucleotide mixtures were detected ( Fig. 2g and h) . Results were also robust to male or female sex ( Fig. 3a and b) , and whether patients were taking their first antiretroviral regimen or were previously treatment-experienced ( Fig. 3c and d) . Of the 736 patients with pretreatment resistance data available, 102 (14%) had pretreatment mutations that would have resulted in a reduced GSS. Detection of resistance at LLV was predictive of virologic failure regardless of preexisting resistance ( Fig. 3e and f) , though this did not reach statistical significance in the group with pretreatment resistance, potentially due to the smaller number of patients.
Low-level viraemia resistance results are acted on by physicians and result in better patient outcomes
Approximately 45% (N ¼ 759) of genotypic testing results were obtained within 30 days of the draw date and made available to the ordering physician. Amongst those patients for whom their resistance results were available within 30 days (the 'prospective' group), overall, outcomes seemed to be better than those for whom the resistance result was made available to the physician more than 30 days after the draw date (the 'retrospective' group).
As with the above analyses, resistance at LLV remained a significant predictor of subsequent virologic failure regardless of whether the results were prospective or retrospectively collected ( Fig. 3g and h ). There were also more therapy switches in the prospective group (53%) versus the retrospective group (31%) when patients had a GSS of less than 3 (P < 0.001), but in patients without resistance (GSS 3), therapy changes were lower and similar in both prospective (26%) and retrospective (26%) groups (P ¼ n.s.), as treatment switches due to resistance were likely not necessary.
Outcomes after therapy changes
We then examined a group of 576 patients who changed therapy following their low-level viraemia episode.
Comparing their GSS at LLV with the GSS of their next regimen, 244 patients (42%) changed to regimens with higher GSS values, 258 (45%) changed regimens but had the same GSS and only 74 patients (13%) changed to regimens with lower GSS values.
Of those who maintained the same GSS, 204 (79%) already had regimens with GSS values of 3 or more. Similarly, a majority (N ¼ 151, 62%) of the patients who changed to regimens with higher GSS values had former GSS values of less than 3, indicating switches to more potent regimens. Finally, in terms of virologic outcomes on these new regimens, patients whose regimen changes Figure 2c shows the outcomes including ritonavir in the GSS scoring. Figure 2e and f show patients with very low viral loads (<250 copies/ml) or higher viral loads. Figure 2g and h stratify responses by whether or not nucleotide mixtures were observed in the sequence detected at LLV. The log-rank test was used to test for statistically significant differences between the survival curves.
resulted in higher GSS values had better outcomes than those with lower GSS values for their new regimens. In addition, we again observed a trend for a 'dosedependent' effect of GSS on the virologic outcomes of patients on their new regimens (P ¼ 0.0002) (Supplementary Figure 3 , http://links.lww.com/QAD/A474).
Patients who maintained low-level viraemia
There were a total of 441 patients (26%) who had at least two LLV episodes prior to changing therapy, experiencing virologic failure, suppressing on the same therapy, or being lost to follow-up. These patients were followed longitudinally while maintaining LLV and were assessed for their risk of accumulating resistance, as indicated by a decrease in the GSS or vPSS between their first and last LLV genotype. Of these 441 patients, 14% (60 patients) accumulated resistance to the agents in their regimen. These patients were maintained on the same regimen while experiencing LLV for a slightly longer period of time (median 9.8 months) compared with patients who experienced no GSS/vPSS change (median 6.1 months, P ¼ 0.012).
Outcomes in patients with failed resistance testing results
Resistance testing failed for 211 patients. Interestingly, these patients had generally better outcomes to those who had successful LLV genotypes, including those whose genotypes indicated a fully susceptible regimen ( Supplementary Figure 4 , http://links.lww.com/QAD/ A475). As previously noted, there were no significant differences in viral loads between those with successful and failed resistance testing.
Impact of adherence
Overall, patient adherence was high in this study, according to their percentage of prescription refills obtained over the first 12 months following LLV. The median level of adherence was 93.4% (IQR: 66.0-99.7%). Patients were divided into quartiles according to their adherence levels: 0-65% adherent, 66-93% adherent, 93-99% adherent and 100% adherent. Times to virologic failure were evaluated for each of these adherence groups (Supplementary Figure 5 , http://links.lww.com/QAD/ A478). GSS was a strong predictor of virologic failure for patients with good adherence (P < 0.0001; Supplementary Figures 5C & 5D , http://links.lww.com/QAD/ A478), a marginal predictor for patients with moderate adherence (P ¼ 0.06; Supplementary Figure 5B , http:// links.lww.com/QAD/A478) and a poor predictor of virologic failure for patients with the lowest adherence levels (P ¼ 0.28, Supplementary Figure 5A , http:// links.lww.com/QAD/A478). Furthermore, multivariate analyses adjusting for adherence confirmed the impact of GSS on risk for virologic failure, as described in the following section. Figure 3c and d show treatment-naive or treatment-experienced groups. Figure 3e and f show patients according to whether they had pretreatment (i.e. transmitted) drug resistance. Figure 3g and h show patients tested retrospectively or prospectively. The log-rank test was used to test for statistically significant differences between the survival curves.
Significance of resistance at low-level viraemia confirmed by multivariate analysis In a multivariate Cox proportional hazards model, the effect of GSS remained highly significant after controlling for a number of other variables. After exclusion of nonstatistically significant variables, the resulting hazards model included the following variables: GSS, patient treatment experience, patient adherence, year at LLV, whether the sample was retrospectively tested and whether the sequence contained nucleotide mixtures.
Having a GSS less than 3 at LLV was associated with a significantly increased risk of virologic failure, with a hazard ratio of 1.34 (95% CI 1.14-1.57, P < 0.001).
Other variables increasing the risk of future virologic failure were in order of decreasing magnitude: the results not being available to the physician due to retrospective testing (hazard ratio: 1.28, P ¼ 0.007), and whether the sequence contained nucleotide mixtures (hazard ratio: 1.28, P < 0.001). Three variables significantly decreased the risk for treatment failure: being treatment-naive (hazard ratio: 0.80, P ¼ 0.005), experiencing LLV in later calendar years (hazard ratio: 0.98, P ¼ 0.013) and higher patient adherence (hazard ratio: 0.98, P < 0.001).
The proportional hazards assumption was found to be violated for three variables: whether the sample was retrospectively tested (P < 0.0001), year at LLV (P ¼ 0.01) and degree of adherence (P ¼ 0.001). A new Cox proportional hazards model was built that was stratified by the retrospective testing variable. After this stratification, year at LLV no longer violated the proportional hazards assumption (P ¼ 0.27) and adherence only violated it to a moderate extent (P ¼ 0.02). Furthermore, this stratified model yielded similar results and hazard ratios as before, suggesting that the model was robust to violations in the proportional hazards assumption. Finally, models generated using vPSS also had similar results to the GSS models (Supplementary Tables 1 & 2 , http://links.lww. com/QAD/A476). Patients with a vPSS of less than 3 had a higher risk of virologic failure than those with a vPSS of 3 or more, with a hazard ratio of 1.37 (95% CI 1.17-1.60, P < 0.0001).
Discussion
We have presented a large-scale study of the impact of antiretroviral resistance on virologic outcomes following LLV. Our results demonstrate that patients experiencing their first episode of LLV while on antiretroviral therapy were up to three times more likely to experience subsequent virologic failure if they had emergent drug resistance at the time of LLV. Virologic failure followed a 'dose-dependent' response in relationship to the GSS values, with progressively decreasing GSS associated with increasing risk of subsequent virologic failure. Our observations were robust in a diverse set of sensitivity analyses, focusing on a more stringent failure definition, antiretroviral class, viral load, treatment experience, sex, baseline resistance and patient adherence. GSS remained a significant predictor of subsequent virologic failure even when controlling for these other variables. Finally, resistance testing at LLV was acted on by the ordering physicians and resulted in better outcomes.
This study builds on a growing body of literature surrounding LVV [1, 13, 16, 17, [20] [21] [22] 26, [35] [36] [37] [38] [39] [40] [41] [42] [43] . Current guidelines suggest that '[i]n persons with HIV RNA levels >500 but <1000 copies/mL, [resistance] testing may be unsuccessful but should still be considered', and give it a moderate strength of recommendation (BII) [29] . Furthermore, these guidelines specifically recommend against testing for patients with viral loads less than 500 copies/ml, with a strong recommendation against such testing (AIII). In addition, resistance assay kits are only approved by the FDA to test samples with viral loads above 1000 or 2000 copies/ml [10] . Although this definition includes both blips and other more sustained types of LVV, it is often only in retrospect that it can be determined whether an elevated viral load was simply a blip or the start of virologic failure. However, our results indicate that resistance testing of samples with viral loads below 1000 copies/ml provides clinically relevant information that may help to clarify a course of action in such cases. These findings provide a strong rationale for the reevaluation of current drug resistance testing guidelines.
Some strengths of this study are the large number of patients examined, long-term patient follow-up of up to 5 years and the fact that various sensitivity analyses yielded similar results to our original analyses. We also observed that physicians use this information and act on it by changing therapies in which patients are found to have resistance at LLV. As with other studies of resistance [44, 45] , LLV resistance tended to be most common for the NRTI drug class, and least common for the protease inhibitor drug class, especially for patients on boosted protease inhibitor-based regimens. However, there is some evidence that LLV itself may be more common in patients receiving boosted protease inhibitor-based regimens [30] .
Along with the genotype susceptibility scores, the viral load at LLV influenced the likelihood of virologic failure over the study period, with higher levels of viraemia associated with a higher risk. Similar to GSS, virologic outcomes stratified by viral load stratum followed a 'dose-dependent' association. Thus, both the level of viraemia and the presence of resistance should be taken into account when assessing a patient's risk of future treatment failure.
Interestingly, we found that patients whose resistance test failed to produce usable sequences actually tended to have better virologic outcomes than those who had results. Indeed, these outcomes were better even than those who did not have regimens compromised by resistance (GSS 3). These patients had lower rates of virologic failure and were more likely to suppress below 50 copies/ml or maintain LLV during follow-up. Although these patients had slightly lower viral load levels at LLV, they were not significantly lower. Thus, the improved outcomes over patients with LLV resistance results may be driven by something other than viraemia. Alternatively, these viral loads may have been due to assay false-positives [46] . Another observation in this study was the fact that resistance remained a significant predictor of virologic failure even adjusting for adherence. GSS was a significant predictor of virologic failure for a majority of patients, regardless of adherence level. However, in lower strata of adherence levels, the effect of resistance was reduced.
The retrospective, observational nature of this study represents a possible limitation, as this may lead to bias in the distribution and treatment of patients. The patients excluded from our analysis due to lack of useable followup differed slightly from those patients who were included in our analyses, and this may have impacted our results. However, these excluded patients were actually more likely to have a GSS of less than 3, meaning that our observations may actually be conservative estimates of the impact of resistance at LLV. The consistent results observed when virologic failure was defined at 1000 or 5000 copies/ml are reassuring. However, as in all observational studies, unknown confounding factors, which were not distributed evenly throughout the population, cannot be adjusted for or excluded.
Data for this study were collected on samples dating back to 1996. Various resistance testing and viral load monitoring methods have been in place over the years in British Columbia since that time, and although they are largely similar, there may have been changes in the sensitivity or accuracy of these methods, as they were gradually updated and implemented. Furthermore, only a small number of patients remained in the study after 5 years without experiencing an event or changing therapy. This study had an overall rate of virologic failure of 50%, which is very high, even compared with other studies in British Columbia [47] . However, this is likely due to the fact that the patients in the current study were already experiencing virologic failure at LLV using a strict definition of a viral load of at least 50 copies/ml, implying that they were likely already at an elevated risk of future higher virologic failure than a more general treatment population.
In conclusion, our results demonstrate that emergent HIV drug resistance at LLV is strongly associated with subsequent virologic failure. Furthermore, we uncovered a 'dose-dependent' increase in the hazard ratio for virologic failure with decreasing GSS estimated at the time of LLV. Our results were robust in a number of sensitivity analyses. On the basis of these findings, we propose that resistance genotyping be encouraged among HIV-infected individuals on antiretroviral therapy who experience viral rebound with viral loads between 50 and 1000 copies/ml.
